We have tested the steady-state predictions of the hypothesis that coarctation hypertension, if renin-mediated via total-renal underperfusion, will be characterized by a persistently abnormal renin/bodyfluid-volume relationship. In six inbred Labrador dogs with neonatally-induced thoracic aortic coarctation and in seven littermate controls, serial measurements of forelimb BP, plasma renin activity (PRA), extracellular (ECV), and plasma (PV) volumes ("Na and '"RISA spaces), and renal function (clearances of inulin and PAH) were performed during varied steady-state sodium intake over 1-12 months post-aortic-banding (PAB). In coarcted dogs, significant forelimb hypertension by indirect technique [p < 0.001) was confirmed by aorticarch pressures at 1 year PAB (182 ± 8/111 ± 8 mm Hg vs 131 ± 4/78 ± l,p < 0.001/ < 0.01). Significant increases in ECV (386 ± 4 cc/kg in coarcted, n = 80, vs 371 ± 3cc/kg in controls, n = 89,p < 0.01), in PV (49 ± 1 cc/kg, n = 76, vs 47 ± 1 cc/kg, n = 87, In controls, p < 0.025), and calculated blood volume (p < 0.025) in coarcted dogs averaged 4.1%, 4.1%, and 5.1% over littermate controls and were of similar magnitude during normal, low, and high sodium intake. Since PRA in coarcted animals was comparable to control values at each sodium intake (and thus in excess with reference to volume status), the renin/volume curve was displaced upward relative to that of normotensive controls. The maintenance of normal effective renal plasma flow and glomerular filtration rate in coarcted dogs over the first year PAB also fulfills the steady-state predictions for renin-mediated hypertension and suggests that the renal circulation is a major regulated variable in renin-angiotensin-volume homeostasls. We conclude that, during the first year PAB, neonatally-induced coarctation hypertension is characterized by an abnormal renin/volume relationship demonstrable during varied sodium intake and despite an apparently "normal" PRA. While available evidence supports the potential hypertensive impact of this quantitatively small abnormality, its renln-dependence remains to be documented. (Hypertension 2: 631-642, 1980) 
A LTHOUGH a renal factor has been shown to
Since PRA can only be interpreted with reference to play a major role in the pathogenesis of hyconcurrent body-fluid-volume, 20 we reasoned that dispertension in thoracic aortic coarctation, 1 ' 4 tortion of the renin/volume relationship could be presspecific involvement of the renin-angiotensin system ent despite normal values for PRA in chronic coarctahas not been clearly established. Plasma renin activity tion hypertension. (PRA) S 8 and renal perfusion 9 " 16 are usually normal Accordingly, to more precisely study the participaunder basal conditions but may be abnormal during tion of renin-angiotensin mechanisms in chronic sodium-volume depletion."" assessment of a fully intact renal pressor system not always attainable with more traditional models of total renal underperfusion.
Results of serial studies spanning 1-12 months PAB indicate that the renin/volume relationship is reset in coarctation hypertension: at varying levels of steadystate dietary sodium intake, PRA is consistently in excess when' referenced to extracellular and plasma volumes. Maintenance of normal renal function in coarcted dogs over the same period suggests that the increased vasoconstriction X volume product serves the primary goal of preserving the renal circulation at the expense of systemic hypertension.
Methods Experimental Protocol
Inbred Labrador male pups from the University of Oregon Breeding Colony, randomly selected from littermate pairs or trios, were subjected to aortic banding at 1-2 weeks of age. Banding, performed under Halothane anesthesia, consisted of placement of a snug but nonconstricting Dacron ligature around the descending thoracic aorta." Puppies were studied in two separate batches, each drawn from two litters of similar age. Batch I was composed of two banded and two control dogs from Litter A, one banded and two control dogs from Litter B, all seven dogs born 3/31/77. Batch II consisted of two banded and two control dogs from Litter C (date of birth 1 l/XOpi), one banded and one control dog from litter D (date of birth 11/26/77).
At varying intervals PAB, a 4-day study protocol was carried out, including measurements of indirect forelimb arterial BP on Day 1; PRA, ECV, and PV on Day 2; and renal clearances of inulin and paraaminohippurate on Day 3 or 4. All protocol measurements were made in awake dogs resting quietly in slings with the single exception of indirect BP in dogs over 12 weeks of age (see below).
At 8, 24, and 52 weeks PAB, dietary sodium manipulation was undertaken. Sodium intake was determined via 5-12 day metabolic balance studies performed prior to each protocol series (to be separately reported). Following completion of protocol studies performed after at least 2 weeks of normal sodium intake (defined herein as mean 4.7 ±0.1 mEq Na + /kg body wt/day, provided as Blue Mountain Kibble containing 143 mEq Na + /kg chow and 182 mEq K + /kg chow), dogs were given a low sodium diet [mean intake 0.17 ±0.01 mEq Na + /kg/day, provided via HD Prescription chow (Riviana Foods, Inc., Topeka, Kansas) containing 10 mEq Na+/kg chow and 182 mEq K + /kg chow]. After at least 8 days, protocol studies were repeated. Subsequent to a 1-week re-equilibration on normal sodium intake, high sodium intake was instituted via provision of 0.45% saline for drinking (providing an average total intake of 20 ± 1 mEq Na + /kg/day) and protocol measurements again obtained after 8-10 days. Over 3-52 weeks PAB, a total of seven full study series (6-7 dogs each) were performed at normal sodium intake, five at low sodium intake, and five at high sodium intake. Volume and renin indices were also measured on 11 additional occasions, seven studies at normal and four at low steady-state sodium intake.
Following protocol studies at 12 months PAB, with the dogs under Nembutal anesthesia, indwelling arterial catheters were fluoroscopically positioned in the aortic arch (via the brachial or the omocervical artery) and in the midabdominal aorta (via the femoral artery). Direct arterial pressures were recorded at least 48 hours later in awake upright dogs resting quietly in slings.
Experimental Measurements Indirect Arterial Blood Pressure Measurement
Indirect BP was measured with an Arteriosonde instrument (Roche, Model 1020)"-" using a neonatalsize transducer and cuff (4.8 cm width) for pups under 12 weeks of age, and infant-size attachments (6.5 cm cuff width) for dogs over 12 weeks of age. 2 * Based on a preliminary study correlating simultaneously measured direct and indirect pressures, systolic BP was taken as that coinciding with the initial appearance of Korotkoff-like sounds of a clearly resonant quality (usually representing the first audible sounds but occasionally separable from nonresonant "infrasonic" tones 27 present at suprasystolic pressures). Diastolic pressure was taken as that coinciding with initial muffling of the sounds, 24 '" total disappearance of sounds correlating poorly with simultaneous directlymeasured diastolic pressure. Using these criteria of indirect pressure measurements, as compared to simultaneously-measured direct pressures, we found a tendency to overestimate systolic and underestimate diastolic pressures but in a consistent fashion. Correlation coefficients for paired indirect and direct measures were 0.88 for systolic and 0.86 for diastolic pressures.
Pups 3-12 weeks of age were suspended in slings for pressure measurements since they uniformly failed to tolerate the lateral decubitus position; older animals were easily trained to lie quietly. Repetitive measurements indicated gradual decline in values over the first 15-20 minutes, with subsequent stabilization; accordingly, a 20-minute equilibration period incorporating intermittent cuff inflations preceded data collection. Inflatable cuffs were positioned on the forelimb between wrist and elbow. At least four readings were obtained from each side and subsequently averaged. Indirect mean arterial pressure was calculated as diastolic + 1/3 pulse pressure.
Direct Arterial Blood Pressure Measurement
In awake upright dogs resting quietly in slings, direct arteral pressures were measured from indwelling aortic-arch and midabdominal-aortic catheters via Statham P23Gb pressure transducers and recorded on a Hewlett-Packard physiograph (Model 7702 B) utilizing a Hewlett-Packard pressure amplifier (Model 88O5C). Transducers were positioned to approximate cardiac height and calibrated using a standard mercury manometer.
To provide a general estimate of agreement between indirect and direct BP results, indirect BP values obtained at 1 year in supine dogs (unadjusted for age) were paired for each dog with direct aortic-arch pressures obtained in upright dogs 2-3 weeks later. By two-way analysis of variance with repeated-measure design, systolic BP by the indirect method did not differ significantly from directly-measured values (mean ± SEM): 185 ± 9 vs 182 ± 8 mm Hg respectively in coarcted dogs; 139 ± 7 vs 131 ±4 mm Hg in controls; Fi, 10 = 1.14, p = ns. Indirectly measured diastolic pressure significantly underestimated directly measured values: 87 ± 5 vs 111 ± 8 mm Hg respectively in coarcted dogs; 68 ± 5 vs 78 ± 2 mm Hg in controls; Fj, 10 = 11.00, p < 0.01. However, the underestimation occurred to a similar degree in both groups (FL 10 = 1.93, p = ns).
Body-Fluid-Volume Determination
Based on 1) studies indicating that the distribution space of "sodium ( Na space after short (10-30 minutes) equilibration periods yields values for ECV comparable to other accepted methods, 30 we developed in preliminary studies a reproducible method for the simultaneous measurement of ECV and PV by combined use of 24 Na and radioiodinated serum albumin ( 1S1 RISA), taking advantage of their easily separable energy spectrums and the convenience of short equilibration periods. Use of human serum albumin (for PV measurement) in the dog has been previously validated. 31 An isotonic injectate solution, combining "NaCl and l31 RISA to approximate a 10:1 ratio of cpm/cc, was injected to provide 6 cpm/kg body weight of "Na and 0.6 cpm/kg of 131 I. In preliminary studies, blood sampling at 5, 10, 15, 20, 30, 40, 60, 90, 120 and 180 minutes indicated for 24 Na an initial distribution phase of 20-30 minutes followed by stable plasma counts over 40 to 180 minutes post-injection. For 131 RISA, initial distribution of injected counts was complete by 15 minutes, with subsequent monoexponential decline over the 20-180 minute post-injection period. Based on these findings, sampling times of 60, 90, and 120 minutes post-injection, falling within a period of stable decay for each isotope, were selected. Urinary excretion of radioactivity was negligible during this period.
For the experimental protocol, baseline venous blood (1.5 cc, for renin-angiotensin indicesĥ ematocrit, and background radioactivity) was obtained from awake dogs resting quietly in slings. The isotope solution was injected into a forelimb vein from preweighed syringes and flushed with 5 cc normal saline; syringes were postweighed to obtain volume of injection in cc. Postinjection venous blood samples, timed to the nearest minute, were obtained from the opposite forelimb. Two 100 jtl aliquots from each plasma sample and from each of four standard solutions (Solution A = "NaCl; Solution B = Based on the within-subject error terms derived from the final analyses of covariance, coefficients of variation were 7.1% and 11.7% respectively for the ECV and PV measurements.
Plasma Renin Activity
Venous blood, collected in di-sodium EDTA (1 mg/cc blood) from awake quiet dogs just prior to isotope injection, was immediately iced, spun at 4°C, and the plasma kept frozen at -20°C prior to assay.
In preliminary studies on pooled venous plasma from normal adult inbred Labrador dogs, complete inhibition of plasma angiotensinase activity was achieved over the pH range of 5.5-7.0 by the addition, to plasma containing 0.005 M EDTA, of diisopropylfluorophosphate (DFP, final concentration in plasma 0.01 M). Under these inhibitor conditions, a preincubation pH of 6.0-6.4 yielded maximal reaction velocity. In this plasma pool and in subsequent studies of selected experimental plasma samples, the rate of angiotensin I (AI) generation was linear over 15-60 minutes of incubation at 37°C, and preincubation AI levels consistently approximated 10% of postincubation levels irrespective of dietary sodium intake.
Experimental plasmas, after thawing on ice, were pretreated with DFP (2 ^1 of 1:3 dilution per 500 y\ plasma) and with 0.38 M citrate in quantity sufficient to individually adjust the pH of each sample to 6.2 (average, 12 ^1/500 ^1 plasma).
For PRA, a 100 ^1 aliquot of pretreated plasma was incubated in a Dubnoff shaker for 30 minutes at 37°C and the reaction terminated by transfer to an ice-water I-labeled AI antibody from New England Nuclear, and AI standard from Schwartz/Mann. The lower limit of quantitative detection of AI was 0.6 ng/ml of original plasma. Interassay coefficient of variation was 11.1%; intraassay coefficient of variation was 8.7%. Due to a calculation error in initial standardization studies, the AI standard employed in all assays reported here yielded values that overestimated by 2.66-fold the true AI concentration, the latter based on calibration against Medical Research Council Standard A, code 71/328. This overestimate was constant over the course of the studies as evidenced by the stability of the control-pool value determined with every assay: coefficient of variation = 11%. The PR.A values shown, expressed as ng Al/ml plasma/hr, have been corrected for this ove'restimation.
For a given Batch of dogs, plasmas obtained from banded and littermate control animals during a given study series were pretreated, incubated, and assayed (in triplicate) simultaneously. In most cases where dietary sodium intake was sequentially altered for a given Batch, samples from all three dietary sodium levels were also processed and assayed simultaneously. An aliquot from the standard control plasma pool was included in each incubation and subsequent assay(s).
Renal Clearance Determinations
Glomerular filtration rate and effective renal plasma flow were measured in awake dogs as the clearances, respectively, of inulin (C Jn ) and paraaminohippurate (C PA H)-Swan-Ganz single-lumen catheters (Edwards Laboratory, Santa Ana, California) were used for urine collections, 83 4F pediatric size in small puppies and 7F adult size in older dogs. Following collection of baseline (heparinized, 10 jil/3 cc blood) venous blood, loading doses were injected (75 mg/kg inulin, 8 mg/kg PAH), and a maintenance infusion instituted (0.05 cc/kg/min of a standard solution containing 14 mg inulin/cc and 5.6 mg PAH/cc). A 50 cc/kg water load was given by orogastric intubation. After 1 hour of maintenance infusion, 3-4 timed urine collections (> 10 min each) were made, separated by sterile-water and air flushes, and accompanied by midpoint venous plasma samples.
Inulin (corrected for plasma blank) and PAH concentrations were determined in paired plasma and urine samples by autoanalyzer utilizing photometric methods."' " For an individual dog, a clearance value deviating by over 25% from the mean of the three or four collection periods was excluded. Based on all studies included herein, the coefficient of variation for within-dog clearance periods was 17% for C' N and 10.5% for C PAH . Effective renal blood flow (ERBF) calculations [ERBF = C PAH -=-(1-Hct)] were based on hematocrit values determined individually for each clearance period.
Data Analysis

Statistical Methods
The Northwestern University Statistical Package for the Social Sciences" was utilized for data analysis. To visualize age-dependent variation in measurements obtained serially in growing dogs, values for each variable were first plotted according to age (as Ln postcoarctation day) and subjected to regression analysis (see Appendix). If separate regression analyses according to banding status and according to Batch yielded statistically similar slopes, data were then pooled. When significant time-dependent variation was demonstrable, analysis of covariance was then applied using In postcoarctation day as the covariate. As used in Results, the term "age-adjusted" refers to data corrected according to the regression coefficients within the analysis of covariance.
The final analysis incorporated a four-way analysis of covariance (or variance when appropriate) with mixed, hierarchical, repeated-measures design with unequal observations per cell." Fixed factors examined were banding status (coarcted vs control) and dietary sodium intake (normal, low, and high); random factors included batch and litter (nested within batch).
Direct arterial pressure results were analyzed as a separate data set utilizing the Mann-Whitney U test.
It should be noted that those measured variables expressed in per kg body weight (body fluid volumes and renal clearances) were referenced to the body weight on the day of study. Since weight per se is also a potentially dependent variable in response to dietary sodium manipulation and varies in the same direction as the primary variables, this mode of expression tends to underestimate the effects, if any, of sodium intake on the primary variable. However, since approximately 50% of each relevant data set was collected during normal sodium intake, and since no significant differences in weight response to diet were demonstrable between coarcted and control groups, this mode was chosen as the most direct approach to evaluation of coarctation effects. (A more physiologically valid estimation of diet effects will require referencing of each pertinent variable to that body weight predicted by the growth-curve constructed from weights taken at normal-sodium intake.) For these reasons, our presentation of results for volume and renal clearance measurements places deliberate emphasis on effects of aortic banding, including impact of dietary sodium on the band effect, but does not address the effect of diet per se on these variables.
Results
Arterial Blood Pressure
Unadjusted mean values for indirectly-measured arterial BP in the forelimb, obtained during normal sodium intake over 3-52 weeks PAB, are presented chronologically in figure 1 . Regression analysis of in-direct forelimb systolic BP indicated a significantly greater rate of rise with age in coarcted dogs (slope 20.39 ± 3.01 in coarcts, 12.00 ± 1.84 in controls, p < 0.005). Thus, within the analysis of covariance, indirect systolic BP values for coarcted and control groups were separately adjusted using their respective regression coefficients. Indirectly-measured forelimb diastolic BP ( fig. 1) 
Body Fluid Volumes
The ECV values ("Na space of distribution, expressed as cc/kg body weight) declined significantly with increasing age in all dogs ( fig. 2 ) and were accordingly age-adjusted via analysis of covariance. Overall results, incorporating all diets (table 1) , demonstrate a significant increase in S4 Na space in coarcted dogs, averaging 15.1 cc/kg (4.1%) over littermate controls. Segregation of ECV results according to sodium intake further indicates that the excess volume in coarcted dogs is demonstrable and of similar magnitude at normal, low, and high levels of steady-state dietary sodium intake.
The PV values ( 1S1 RISA space of distribution, expressed in cc/kg) also declined significantly with increasing age in all dogs (p < 0.001); furthermore, a significant difference in the regression slopes was apparent between Batch I and II (see Appendix). Accordingly, PV values were age-adjusted using Batchspecific regression coefficients within the analysis of covariance. Overall results, incorporating all diets, demonstrate a significantly increased plasma volume in coarcted dogs, averaging 1.9 cc/kg (4.1%) over littermate controls.
Examination of PV results with respect to sodium intake ( banded dogs is demonstrable at each level of steadystate dietary sodium intake. The suggestion of a larger PV excess in coarcted dogs during high sodium intake is not statistically significant (F 2 , 140 = 0.417, p = ns); thus, magnitude of PV excess is statistically similar at each sodium intake.
The seemingly paradoxical responses of PV (and BV) to dietary sodium manipulation are not considered physiologically valid for reasons stated above (see Statistical Methods).
Calculated BV, in cc/kg, showed age-dependent variability comparable to that of PV (Appendix) and similarly required Batch-specific age adjustment. Coarcted dogs exhibited significant BV excess (table 1), which averaged 3.8 cc/kg (5.1%) over controls. Breakdown of BV results according to sodium intake yielded a pattern identical to that of PV.
Venous hematocrits obtained just prior to volume studies did not differ between coarcted and control dogs. The effect of diet on hematocrit was significant (F 2 ., 81 = 28.79, p < 0.0001).
Plasma Renin Activity
Regression analysis of PRA values indicated no significant time-dependent variability (Appendix).
Overall mean values for PRA, collapsed across time and incorporating all diets, indicate no significant difference between coarcted and control groups. Segregation of results according to dietary sodium intake further demonstrates that, at each level of steadystate sodium intake, PRA values in banded dogs were comparable to those of littermate controls. The PRA *Values are mean ± SEM, collapsed across time-post-banding; and age-adjusted via covariate analysis. Number of observations in parentheses. AI = angiotensin I; PAH = paraminohippurate; ns = not significant; PRA = plasma renin activity.
IDietary Na + intakes (mEq Na + /kg body wt/day, mean = ± = SEM): normal = 4.7 ± 0.1; low = 0.17 • *= 0.01; high = 20 =*> 1.
response to diet was highly significant (F 21H = 77.56, p < 0.0001).
Renal Clearance Studies
Values for glomerular filtration rate (clearance of inulin, C| N ) and for effective renal plasma flow (clearance of PAH, C PAH ), both expressed as cc/min/kg, showed significant age-dependent variability in all dogs (Appendix) and were thus ageadjusted within the analysis of covariance. Overall results indicate that Ci N and C PAH values in banded dogs are comparable to values in littermate controls. Effective renal blood flow results, adjusted for significant age-dependent variability in a pattern similar to C PAH , also show comparable values for coarcted and control dogs (table 1). Segregation of clearance results according to sodium intake demonstrates that coarcted dogs maintained normal renal perfusion and function at each level of steady-state dietary sodium intake.
Discussion
The early work of Scott and coworkers, 1 ' 2 confirmed by others, 3 ' * established that the presence of a kidney situated distal to a thoracic aortic constriction is critical to the maintenance of chronic coarctation hypertension. Transient increases in PRA observed following abrupt aortic constriction 88 '" provided more specific evidence for renin-angiotensin system involvement in the initiation phase of coarctation hypertension. On the other hand, the normal PRA 68 and normal renal blood flow 9 -" typical of chronic coarctation during ad libitum sodium intake has been taken as evidence against primary participation of renal pressor mechanisms in the maintenance phase of the hypertension.
We have proposed that abnormality of the renin/body-fluid-volume relationship will be demonstrable in renin-mediated hypertensive states despite normal PRA. As schematically detailed in figure 3 for the proposed sequence of events following abrupt aortic constriction, the altered relationship would characterize both an early high-renin phase and a subsequent steady-state normal-renin phase of coarctation hypertension.
The gradual aortic constriction following neonatal aortic banding should obscure the transient high-renin phase: successive tiny decrements in renal perfusion with comparably small renin increments would be undetectable by current methods and rapidly compensated by successive volume increments. Therefore, in contrast to acute aortic coarctation, the features of the neonatally-induced model are, at any time point, indistinguishable from steady-state conditions. Any time-dependent changes should thus reflect increasing 
Solid line defines normotensive state (see ref. 56); shaded area represents hypertension via increased renin (or angiotensin II) X volume product (see ref. 57). Acute aortic constriction causes transient renal hypoperfusion and thus renin-AII increase without immediate volume change (Point A -» Point B). thereby initiating a renin/volume abnormality and hypertension. With time and availability of dietary sodium, renal effects of aldosterone (ref. 58) and All (refs. 42, 59) yield volume expansion to a degree sufficient to restore renalperfusion, and thus renin-AII levels, to precoarctation values (Point B-> Point C). At a new steady state (Point C), renin-AII values, although appropriate with respect to normal sodium intake, remain excessive in relation to the expanded body-fluid-volume.
degrees of constriction and/or appearance or progression of secondary mechanisms.
The upward displacement of the renin/ECV relationship observed to characterize the first year following neonatal aortic banding is presented in figure 4 . The maintenance of normal glomerular filtration rates and effective renal blood flows in coarcted dogs during the same period also conforms to our predictions for steady-state conditions and is compatible with the view that renal perfusion pressure is a major regulated variable in a homeostatic system capable of nearinfinite gain. 40 Although Van Way et al." failed to demonstrate increased volume in coarcted dogs, the lack of adjustment for age-dependent changes coupled with the small number of observations in unmatched dogs may have maximized biologic variability as compared to our inbred dogs and littermate-control design. In agreement with the present findings, Alpert et al. 41 reported significant increases in ECV together with normal basal PRA in 18 coarctation patients. The 9%-20% volume excess in these 18 patients exceeded the 4%-5% increases in our coarcted dogs, potentially reflecting the methodologic differences and/or important species differences.
Whether the 4%-5% increases in body-fluidvolumes in neonatally coarcted dogs represent a physiologically significant excess is of importance to our renin/volume hypothesis. One approach to this question is to compare the volume excess in coarcted dogs with the volume changes induced by dietary sodium restriction. In recent paired measurements in our adult dogs (1 year old) with stable body weight, 3.65 ± 0.78% (mean ± SEM; n = 12) after 5-8 days of low-sodium intake; by 4.68 ± 1.49% (n = 9) after 11-13 days of sodium restriction; by 5.75% ± 1.01% (n = 6) following addition of furosemide after 18 days of low sodium diet; and by 12.98% ± 1.92% (n = 7) after 4-6 days of both low sodium chow and daily furosemide (S. Bagby, unpublished). These volume decrements were consistently accompanied by significant rises in PRA. Rough estimates based on figure  2D from DeClue et al." indicate, in normal dogs infused chronically with saline of varying volume, a 24 Na-space difference of 30 cc/kg (an 8.7% decrease) between sodium intakes of 3-6 vs 0.2-0.4 mEq/kg/ day. These comparisons support the view that the volume excess demonstrated in our coarcted dogs is of a degree compatible with important pathophysiologic impact.
The findings of DeClue et al." are of further relevance: stepwise Na + -volume increments progressively enhanced the pressor potency of a continuous fixed-dose angiotensin II (All) infusion in dogs, whereas similar volume increments in controls with normally suppressible All caused minimal pressure rise. These observations directly support the in vivo hypertensive potential of All/volume distortion and further indicate that degree of pressure excess correlates with magnitude of the distortion (i.e., the fixed All level represented a progressively greater excess relative to control All as volume was increased). Thus, if transposed to our figure 3, the All-infused dogs of DeClue et al." would trace a horizontal line, left to right, within the shaded hypertensive zone, theoretically moving across successive pressure isobars representing increasing All X volume products.
In contrast, the renin/volume abnormality in our coarcted dogs appears to be of fixed magnitude, as suggested by the parallel displacement from the normal renin/volume curve and by the constancy of pressure excess along this curve (table 1) . (Increasing magnitude of the renin/volume distortion with increasing aortic constriction has presumably been obscured by pooling of data.) A similar constancy of pressure excess during varied sodium intake was observed in one-kidney, one clip Goldblatt hypertension in the rat."
Finally, significantly greater depressor responses to acute converting-enzyme inhibitor (SQ 20,881) in our coarcted dogs studied at 1.5, 6, and 12 months PAB, 44 observed despite "normal" PRA and despite volume excess, suggest the additional possibility of increased vascular reactivity to All. Whether a primary or secondary event, enhanced All reactivity would magnify the in vivo hypertensive impact of the apparently modest renin/volume abnormality observed.
Although the neonatal coarctation model cannot provide information on the transient high-renin phase seen following abrupt aortic constriction,"' S9 it is pertinent to consider the steady-state characteristics reported here in the context of known evolutionary patterns in other hypertensive models. Thus, in onekidney, one clip Goldblatt hypertension, a total-renalunderperfusion model that we" and others" 14l consider likely analogous to coarctation hypertension, early and substantial increases in volume (by 12%-25%) 4e and PRA" soon decline to apparently normal values with persistence or progression of hypertension." A similar pattern of volume change has been observed in sodium/mineralocorticoiddependent hypertension 4749 and in renoprival hypertension. 90 It is thus tempting to speculate that magnitude of volume expansion following abrupt aortic constriction may well exceed the small chronic excess described here, the latter reflecting introduction of secondary events (eg., autoregulatory vasoconstriction, 51 enhanced vascular reactivity to All, and/or increasing collateral circulation). These events would diminish the degree of volume excess required to sustain proximal hypertension and/or a normal renal circulation.
Persistence of the hypertensive effectiveness of an abnormal renin/volume relationship depends on simultaneous prevention of pressure natriuresis by the kidney. 40 In the All-infusion studies of De Clue et al.," this was considered accomplished by direct intrarenal actions of All." In coarctation hypertension, the aortic stenosis per se would theoretically serve this function by isolating the renal from the hypertensive proximal vasculature. However, the occurrence of distal hypertension in aortic coarctation, VOL 2, No 5, SEPTEMBER-OCTOBER 1980 in three of our six coarcted dogs at 1 year PAB, raises the possibility that additional antinatriuretic factors may be important. Increases in renal vascular responsiveness to All is an intriguing possibility regarding mechanisms responsible for distal hypertension in aortic coarctation.
Our findings indicate a normally functioning reninangiotensin-volume system during the first year PAB: volume changes in coarcted dogs, superimposed on a constant volume excess, are comparable to those in controls and result in equivalent inverse changes in PRA. Alpert et al. 41 also reported normal or subnormal PRA responses to sodium restriction in their 18 coarctation patients. In dogs, Van Way et al." found appropriate PRA responses to diazoxide-induced hypotension at 2-10 months PAB.
In contrast, several studies have noted exaggerated PRA responses to renin-stimulating maneuvers in chronic coarctation hypertension. u In a previous study from our laboratory, 18 neonatally-coarcted dogs at 2 years PAB exhibited abnormally elevated PRA (in awake dogs) with depressed renal perfusion (under anesthesia) after sodium restriction; these findings are clearly at variance with the current observations during the first year PAB. In the present study, daily PRA measurement through 10 days of low sodium diet confirmed the absence of PRA hyperresponsiveness, excluding the possibility that timing of measurements (Day 5" vs Day 8-12 of low sodium diet) accounted for the differing PRA results.
In the coarctation patients studied by Alpert et al., 41 the normal PRA responses to sodium restriction were followed by exaggerated PRA rises after addition of furosemide. Further, in an additional nine of 31 coarctation patients reported to exhibit hyperresponsive PRA, 6 ' *• 151 ' the effective stimuli included furoscmide in five 15 ' 16 ' 16 and exercise in three. 17 These observations suggest that the magnitude of sodium-volume depletion and/or quality of the stimulus may influence PRA responsiveness. Use of virtually sodium-free chow in our earlier study 19 vs the more palatable product of higher sodium content in the current series also suggests that differing degrees of volume depletion might explain the discrepant PRA responses. However, in the present series, addition of furosemide after up to 14 days of low salt diet, evaluated at 6 and at 12 months PAB, failed to induce an exaggerated PRA response: 21 ± 3 ng Al/ml/hr (mean ± SEM) in coarcted dogs (n = 12) vs 19 ± 2 ng Al/ml/hr in controls (n = 12), p = ns (S. Bagby, unpublished observations). Whether this discrepancy reflects methodologic factors or differences developing with increasing duration of coarctation awaits further study.
The stable upward displacement of the renin/ volume relationship that we have observed in neonatally-induced coarctation hypertension may be directly relevant to an understanding of renin-angiotensin system function in more traditional models of both partial and total renal underperfusion. The fact that PRA may be normal when referenced to dietary sodium intake and/or excretion while excessive with respect to body fluid volume may clarify interpretation of "normal" PRA in the chronic (steady-state) phases of renal underperfusion states. These include one-kidney, one clip Goldblatt hypertension, 4 " twokidney, two clip Goldblatt hypertension, 16 and suprarenal abdominal aortic coarctation," as well as the not unusual instances of partial renal hypoperfusion (unilateral renal artery stenosis or two-kidney, one clip Goldblatt hypertension) wherein PRA is reported to be "normal"."' M Our findings imply that urinary sodium excretion, useful in normals as an index of sodium intake and thus of body-fluid-volume status," does not validly reflect the volume excess in coarctation (or potentially in other total renal underperfusion states) because the sodium intake/volume relationship is also distorted (fig. 4) . Hence, the relationship between PRA and urinary sodium excretion would not be useful to exclude renin-mediated mechanisms in hypertensive populations.
In summary, our findings in canine, neonatallyinduced coarctation hypertension, obtained serially in inbred dogs over 1-12 months post-aortic-banding, document an upward displacement of the renin/body fluid-volume relationship associated with maintenance of normal renal perfusion and function. While the renin dependence of these chronic steady-state features remains to be documented, the data are strongly supportive of the hypothesis that thoracic aortic coarctation induces a renin-mediated form of hypertension. The renin/volume abnormality appears to be generated, and thereafter maintained despite varied sodium intakes, by a normally responsive renin-angiotensin-volume system operating initially to restore, and subsequently to sustain, a normal renal circulation. *In all formulae, y = dependent variable at normal sodium intake; X = In post-coarctation day. tlndirect method. Calculated (see Methods). §Pooling of data indicates that regression slopes did not statistically differ between Batch I vs II or between coarct vs control groups.
